Elevated levels of pro-inflammatory cytokine interleukin-17A (IL-17) are associated with hypertensive autoimmune diseases; however, the connection between IL-17 and hypertension is unknown. We hypothesized that IL-17 increases blood pressure by decreasing endothelial nitric oxide production.
Introduction
The interleukin-17 (IL-17) family of cytokines and their ubiquitous receptors play a major role in host defence against pathogens. Six known IL-17 family members (IL-17A -F), including the prototypical IL-17A (also known as IL-17), exert potent pro-inflammatory effects and are produced by a myriad of immune cells. 1 -3 Once thought to be generated only by a subset of CD4+ T cells (Th17 cells), IL-17 is now reportedly secreted by macrophages, dendritic cells, natural killer cells, natural killer T cells, and gd T cells in response to immune system activation. 3 Recent studies have implicated IL-17 in a variety of inflammatory autoimmune diseases, including rheumatoid arthritis, inflammatory bowel disease, and acute coronary syndrome. 4 -8 Additionally, elevated IL-17 levels are associated with hypertension and autoimmune diseases associated with hypertension including pre-eclampsia, systemic lupus erythematosus, and chronic allograft rejection. 9 -23 IL-17 augments the pro-inflammatory process in part by modulating target genes of secondary cytokines and chemokines; however, the molecular mechanisms by which IL-17 may contribute to the development of hypertension is largely unknown.
Endothelial function contributes greatly to vascular and blood pressure homeostasis. Endothelial cell production of nitric oxide (NO) is crucial for vasodilation, preventing leucocyte adhesion and extravasation, and regulating blood pressure. Vascular production of NO by endothelial NO synthase (eNOS) is tightly regulated by several posttranslational modifications. 24 Phosphorylation of eNOS modulates NO production and the hierarchal dephosphorylation of the inhibitory site Thr495 and subsequent phosphorylation of the stimulatory site Ser1177 optimizes eNOS activity. 24 -27 We and others have reported that increased eNOS Thr495 phosphorylation leads to decreased NO production and vasodilation and is associated with hypertension. 28 -32 Whether IL-17 affects eNOS Thr495 phosphorylation and endothelial function is unknown. IL-17 can induce other pro-inflammatory cytokines, including IL-6, tumour necrosis factor-a, and IL-1b, all of which are also associated with endothelial dysfunction and hypertension. 1,33 -37 However, whether IL-17 directly exerts detrimental effects on eNOS and endothelial function is unknown. We hypothesized that IL-17 increases eNOS Thr495 phosphorylation leading to endothelial dysfunction and hypertension. To test this hypothesis we treated endothelial cells, isolated mouse aortas, as well as mice with IL-17 and determined the effects on eNOS Thr495 phosphorylation, endothelial function, and blood pressure.
Methods

Endothelial cell studies
Rat aortic endothelial cells were obtained from Cell Applications (San Diego, CA, USA) and cultured in complete DMEM (Invitrogen) containing endothelial cell growth supplement (Sigma), antibiotics (Invitrogen), and heparin (Sigma). All experiments were performed in cells at passage 6 or less. Immunoblotting using primary antibodies for anti-eNOS (BD Biosciences), anti-phospho-eNOS Thr495 (Cell Signaling), anti-phosphoeNOS Ser1177 (Millipore), anti-eNOS (BD Transduction Laboratories), anti-RhoA (Abcam), and anti-b-actin (Sigma) was performed as described previously, following a 1 h incubation with IL-17 (mouse rIL-17A, 1 mg/mL; eBioscience). 28, 29 Immunoblotting was also performed for these proteins in IL17-treated cells following co-treatment with an IL-17 neutralizing antibody (20 ng/mL for 30 min; BioLegend), the protein kinase C (PKC) inhibitor Gö 6976 (1 mmol/L for 30 min; Sigma), the Rho-kinase inhibitor Y-27632 (50 mmol/L for 30 min; Cayman Chemical Co.), or appropriate vehicle. Secondary antibodies consisted of anti-rabbit and anti-mouse IgGs conjugated to Alexa-Fluor 680 and IR800Dye (LI-COR Biosciences), respectively. The blots were identified simultaneously using near-infrared visualization (Odyssey System, LI-COR Biosciences, Lincoln, NE, USA). Densitometry was performed using the Odyssey software.
Acute ex vivo and in vitro vascular studies
Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, USA) aged 10 -12 weeks were anaesthetized by prolonged inhalation of 5% isoflurane, verified by lack of a response to toe pinch, followed by euthanization by cervical dislocation. Endothelium-intact aortas were isolated and treated as above. Aortic segments were used for immunoblotting as described above and for the determination of vascular nitrate levels while aortic rings were used to measure vascular reactivity as described previously. 28, 29 Immunoblotting in aortic homogenates was performed following a pull-down with eNOS as described in an available protocol (Cell Signaling); therefore, IgG was used as a loading control and corresponded directly with eNOS levels. Measurements of nitrate levels were performed using the Griess assay according to the manufacturer's instructions (Invitrogen). For measures of vascular reactivity, all aortic rings were treated with the cyclooxygenase inhibitor indomethacin (10 mmol/ L, 45 min) in order to examine NO-mediated relaxation. Some endothelium-intact aortic rings were also co-incubated with cell permeable superoxide dismutase (PEG-SOD; 100 U/L, 45 min), an IL-17 neutralizing antibody, Gö 6976, Y-27632, the more potent and specific Rho-kinase inhibitor H-1152P (1 mmol/L, 30 min), or appropriate vehicle as described above and/or the NOS inhibitor L-NAME (10 mmol/L, 60 min). Concentration-force curves were obtained in a cumulative fashion to acetylcholine (ACh), bradykinin, and sodium nitroprusside (SNP) following contraction to an EC 70 concentration (1 mmol/L) of phenylephrine (PE) as well as to PE.
In vivo studies
Male C57BL/6 mice (Charles River) aged 10 -12 weeks and housed on a 12:12 light/dark cycle were used in all experiments. Mouse recombinant IL-17A (1 mg/day, n ¼ 9 mice) or diluent (saline and 7% ethanol, n ¼ 9 mice) was given every day via i.p. injection of 150 mL volume as described previously. 28, 29 This dose of IL-17 was chosen based on previous reports and represents a medium to high level of serum IL-17 as seen in patients with inflammation. 38, 39 Some IL-17-treated mice were concurrently given Y-27632 at a dose that was shown not to affect blood pressure in control mice (10 mg/kg, daily i.p. injection). 40 Tail-cuff systolic blood pressures (IITC, Inc.) were measured at baseline and prior to injections on Days 1, 4, and 7 of daily treatment. IL-17-treated mice had final blood pressure measurements taken on Day 7 and then on Day 8 all mice were anaesthetized with isoflurane and euthanized by exsanguination as described above followed by serum and tissue collection. Serum IL-17 and IL-6 levels were measured by ELISA (SA Biosciences Cytokine ELISArray-MEM-003A). Splenocytes were prepared and stained for CD3 and CD4 using the fluorescence-conjugated antibodies anti-mouse CD3e-PE-Cy7 and antimouse CD4-APC as described previously. 41 Flow cytometry using a BD
Canto II was performed and lymphocytes were gated in the forward by side scatter plots. Isotype controls were used to determine the appropriate gates for CD3+/CD4+ T cells and data analysis was performed using FlowJo software. Aortic eNOS Thr495 phosphorylation, eNOS and RhoA levels, and vascular reactivity were measured as described above. All procedures were approved by our Institutional Animal Care and Use Committee (#2007-018R) in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Statistical analysis
Results are presented as mean + SEM. The two-tailed Student's t-test was used to compare variables between two groups. For multiple comparisons, an analysis of variance was used followed by the Student' -Newman -Keuls post hoc test. The significance level was set at 0.05. All analyses were performed using the SigmaStat 3.5 software.
Results
Effects of IL-17 on eNOS Thr495 phosphorylation in endothelial cells
To examine the acute effects of IL-17 on endothelial cell eNOS activity, we measured a marker of eNOS activity, eNOS Thr495 phosphorylation. eNOS Thr495 phosphorylation inhibits NO production and dephosphorylation promotes NO production. 27 Figure 1A demonstrates that treatment of endothelial cells with IL-17 for 1 h significantly increased eNOS Thr495 phosphorylation 3.5-fold compared with vehicle-treated controls while having no effects on total eNOS levels. PKC and Rho-kinase are known to phosphorylate eNOS Thr495; therefore, we tested whether inhibition of either of these could prevent the IL-17-induced increase in eNOS Thr495 phosphorylation. The PKC inhibitor Gö 6976 had no effect (data not shown). However, pre-treatment with the Rho-kinase inhibitor Y-27632 prevented the increase in eNOS Thr495 phosphorylation induced by IL-17 ( Figure 1A) . To verify that Rho-kinase activity is increased in endothelial cells treated with IL-17, we measured expression of RhoA, an upstream activator of Rho-kinase. Figure 1B demonstrates that acute IL-17 treatment significantly increased endothelial cell RhoA levels 3-fold and this was prevented by an IL-17 neutralizing antibody. These findings support our hypothesis that IL-17 decreases eNOS activity, and that this is caused by increasing Rho-kinase-mediated phosphorylation of eNOS Thr495.
IL-17 causes endothelial dysfunction directly
To examine the acute vascular effects of IL-17, we treated endothelium-intact aortas from control mice with IL-17 for 1 h and measured eNOS phosphorylation, RhoA levels, nitrate production, and endothelium-dependent relaxation and contraction responses. IL-17 significantly increased aortic eNOS Thr495 phosphorylation (Figure 2A ), similar to that seen in endothelial cells. This could be prevented by pre-treatment with Y-27632 ( Figure 2A) . eNOS Ser1177 phosphorylation, a stimulatory eNOS phosphorylation site, was decreased significantly in IL-17-treated vessels ( Figure 2B ). IL-17 significantly increased aortic RhoA levels 3-fold, and this was prevented by an IL-17 neutralizing antibody ( Figure 2C ). To determine whether the IL-17-induced alteration in eNOS phosphorylation affected vascular NO production, we measured nitrate levels in IL-17-and vehicletreated vessels. One hour incubation with IL-17 significantly decreased nitrate levels ( Figure 2D ). Next, we measured aortic endothelium-dependent and endothelium-independent relaxation responses as well as contraction responses following acute treatment with IL-17 or vehicle. IL-17 significantly decreased maximal ACh-induced relaxation responses compared with vehicle-treated controls (% relaxation from PE-induced contraction: controls: 80 + 5% vs. IL-17: 47 + 5%, P , 0.05; Figure 3A ). The NOS inhibitor L-NAME (10 mmol/L) abolished relaxation responses to ACh in both groups ( Figure 3A) . Since both IL-17 and Rho-kinase are known to activate NADPH oxidase and increase superoxide production, we determined whether PEG-SOD could restore relaxation responses to ACh. Figure 3A demonstrates that PEG-SOD normalized relaxation responses in IL-17-treated vessels while having no effect in vehicle-treated vessels. Relaxation responses to another vasodilator, bradykinin, were also decreased in IL-17-treated aortas compared with controls (% relaxation from PE-induced contraction: controls: 75 + 5% vs. IL-17: 45 + 3%, P , 0.05; Figure 3B ). The IL-17-mediated decrease in aortic relaxation responses was also normalized by an IL-17 neutralizing antibody which restored NO production as the improvement in relaxation was blocked by L-NAME ( Figure 3C) . IL-17, the IL-17 neutralizing antibody, or L-NAME had no effect on endothelium-independent relaxation responses to SNP ( Figure 3D) . The Rho-kinase inhibitors Y-27632 and H-1152P, the more specific and potent of the two, also restored aortic relaxation responses to that of controls while PKC inhibition with Gö 6976 had no effect ( Figure 3E ). There were no differences in PE-induced contractions between IL-17-treated aortas and vehicle-treated aortas at the concentration used for the measurement of relaxation responses (contraction to PE 1 mmol/L in g: controls: 1.1 + 0.2 vs. IL-17: 1.2 + 0.2 g, P . 0.05). However, IL-17-treated aortas exhibited a significant increase in maximal PE-induced contraction consistent with decreased NO production ( Figure 3F) , and this was normalized by the Rho-kinase inhibitor Y-27632 ( Figure 3F ).
Chronic in vivo treatment with IL-17 causes endothelial dysfunction and hypertension
To test the in vivo effects of IL-17, we treated mice daily for 7 days with vehicle or IL-17 at a dose (1 mg/day) that was shown previously to activate an immune response and to induce IL-6 for 24 h. 38, 39 This was verified by measuring serum IL-17 and IL-6 levels after 7 days of treatment which were both significantly increased 2-fold in IL-17-treated mice ( Figure 4A) . After 1 day, IL-17 treatment increased systolic blood pressure mildly, but significantly, and blood pressure progressively increased throughout the treatment (Day 7 systolic blood pressure: controls: 94 + 3 mmHg vs. IL-17-treated mice: 130 + 3 mmHg, P , 0.05; Figure 4B ). IL-17 treatment significantly increased the per cent of splenic CD3+/CD4+ T cells, confirming that an immune response was initiated by the daily IL-17 treatment ( Figure 4C Aortas from IL-17-treated mice had decreased L-NAME-sensitive, ACh-induced relaxation responses compared with aortas from vehicle-injected controls ( Figure 5A ). This could be prevented by in vitro treatment with PEG-SOD ( Figure 5A ). There were no differences in SNP-induced relaxation responses in aortas from IL-17-treated mice compared with vehicle-treated mice ( Figure 5B ). There were no differences in PE-induced contractions at the concentration used for relaxation measures between aortas from IL-17-treated and vehicle-treated mice (contraction to PE 1 mmol/L in g: controls: 1.3 + 0.2 vs. IL-17-treated: 1.4 + 0.2 g, P . 0.05). Consistent with the results in endothelial cells and isolated aortas, aortas from IL-17-treated mice exhibited a significant 2-to 3-fold increase in eNOS Thr495 phosphorylation ( Figure 5C ) and RhoA levels ( Figure 5D ) compared with aortas from vehicle-treated controls.
To determine whether inhibition of Rho-kinase could prevent the hypertension induced by IL-17, we administered Y-27632 at a dose that has no effect on blood pressure concurrently with IL-17 for 1 week. Figure 6A demonstrates that daily Y-27632 treatment Interleukin-17 and hypertension prevented the significant increase in systolic blood pressure induced by IL-17 treatment. Co-treatment of IL-17 and Y-27632 had no effect on the IL-17-induced elevation in aortic RhoA levels as expected because Y-27632 inhibits Rho-kinase downstream of RhoA ( Figure 6B) . However, aortic eNOS Thr495 phosphorylation was decreased significantly in mice treated with both IL-17 and Y-27632 ( Figure 6C ).
Discussion
Given the importance of NO production and endothelial function in blood pressure maintenance, as well as the role of IL-17 in hypertension and hypertensive autoimmune diseases, we examined the direct, acute endothelial and vascular effects as well as chronic in vivo effects of IL-17 on eNOS phosphorylation, NO production, endothelial function, and blood pressure. Results from our studies demonstrate that IL-17 increases RhoA/Rho-kinase-mediated eNOS Thr495 phosphorylation leading to decreased NO-mediated vasodilation and hypertension in mice.
Although all cells contain IL-17 receptors, cells respond differently to IL-17. The most studied target cells of IL-17 include epithelial cells, mesenchymal cells, and immune cells. In the setting of an inflammatory response, one of the primary roles of IL-17 signalling is to enhance cytokine and chemokine production in an effort to propagate the pro-inflammatory response and to enable immune cell homing to the site of infection. Known target genes of IL-17 include IL-6 (which stabilizes IL-17-producing T cells), IL-8, IL-21, IL-23, and the immune cell chemoattractants CXCL1, CXCL2, CXCL5, CXCL9, CXCL10, CCL2 (monocyte chemoattractant protein 1, MCP-1), CCL7, CCL20, and granulocyte-macrophage colony-stimulating factor (GM-CSF). 1 -3,10 Endothelial cells have also been shown to respond to IL-17. IL-17 increases endothelial cell activation demonstrated by increased E-selectin, VCAM-1, and ICAM-1 in human lung microvascular cells. 42 IL-17F, which has homology to IL-17, inhibits angiogenesis and causes endothelial cell production of IL-2, TGFb, and MCP-1. 43 The IL-17-induced increase in other pro-inflammatory cytokines and immune cell chemoattractants has been well documented, and the IL-17-mediated accumulation of immune cells also occurs in the vasculature. However, no one to date has examined whether IL-17 exerts direct, acute effects on vascular NO production. Our data show that an acute 1 h treatment of endothelial cells and isolated aortas with IL-17 increases RhoA/Rho-kinase-mediated eNOS Thr495 phosphorylation and decreases vasodilation. This rapid increase in RhoA activation is similar to that seen in response to TGFb, hypoxia, and endothelin, all of which significantly increase RhoA protein expression within 1 h. 44 -46 Additionally, the rapid decrease in NO production is consistent with endothelial cell activation and increased eNOS phosphorylation at inhibitory sites. Supportive evidence from previous studies has shown that inhibition of Rho-kinase improves NO generation and endothelial-dependent dilation. 47 -49 Endothelial cells and IL-17-producing immune cells interact during pro-inflammatory responses and communicate with each other by regulating the cytokine milieu. Human microvascular HLA-DR+ endothelial cells were shown to activate and promote the expansion of Th17 cells via IL-6 production. 50 We have recently reported that endothelial and haematopoietic cell TGFb receptor activation increases endothelial cell activation, IL-6 production, Th17 cells, serum IL-17 levels, and blood pressure in mice. Interestingly, angiotensin II and the immunosuppressive drugs cyclosporine A and FK506 can all produce endothelial dysfunction and hypertension, and all increase TGFb receptor activation, serum levels of IL-6 and IL-17, and IL-17-producing immune cells. 11, 41 Additionally, elevated circulating levels of IL-17 are present in patients with the autoimmune diseases pre-eclampsia, allograft rejection, and systemic lupus erythematosus, which are all associated with endothelial dysfunction and hypertension. 15,19 -22,51 -53 Madhur et al. reported that Th17 cell infiltration of the aorta occurs in angiotensin II-induced hypertension and that hypertension was not maintained in IL-17 KO mice. While Rho-kinase inhibition can decrease blood pressure in various models of hypertension including angiotensin II-induced hypertension, 54 it remains to be determined whether prevention of IL-17-induced increase in eNOS Thr495 phosphorylation and endothelial dysfunction contributes to the blood pressure-lowering effects. Given the numerous effects of IL-17 on other pro-inflammatory cytokines, we cannot exclude that some of these may be playing a role in our findings, especially with respect to the in vivo studies. It is possible that in response to IL-17 endothelial cells rapidly produce IL-6, which is known to decrease endothelium-dependent Interleukin-17 and hypertension dilation. 55, 56 Given the small influence of the aorta in blood pressure regulation, it also remains to be determined whether IL-17 increases RhoA/Rho-kinase-mediated eNOS Thr495 phosphorylation in resistance arteries and whether endothelial dysfunction in these vessels contributes to the hypertension caused by IL-17. In addition to the decreased NO production caused by altered eNOS phosphorylation, decreased NO bioavailability due to RhoA/ Rho-kinase-mediated increases in superoxide production probably also contributes to the hypertension and endothelial dysfunction as superoxide quenching was able to restore endothelial function in our study. 57, 58 Additionally, IL-17 may activate vascular smooth muscle cell RhoA/Rho-kinase leading to increased myosin phosphatase phosphorylation, which may have contributed to the increased maximal vasoconstriction in IL-17-treated aortas. Chronic IL-17 exposure also induces genes in smooth muscle cells as Madhur et al.
reported that although they found only one gene altered in human smooth muscle cells by IL-17 alone, IL-17 in combination with TNFa increased numerous genes that may impair vascular function. 10 We acknowledge that these alternative mechanisms are likely contributing to the endothelial dysfunction and hypertension observed in our week long in vivo studies. Nonetheless, the increase in RhoA/Rho-kinase-mediated eNOS Thr495 phosphorylation in endothelial cells and subsequent decrease in vasodilation plays a major role and represents a novel, acute effect of IL-17 on the vasculature. Supportive evidence comes from our studies in which inhibition of Rho-kinase prevented the increase in eNOS Thr495 phosphorylation and hypertension induced by IL-17. This study identifies a molecular mechanism by which the pro-inflammatory cytokine IL-17 decreases endothelial function which may contribute to the development of hypertension. In addition to its effects on augmenting other pro-inflammatory chemokines/cytokines, the binding of IL-17 to its receptor located on endothelial cells leads to RhoA/Rho-kinase-mediated eNOS Thr495 phosphorylation, endothelial dysfunction, and hypertension. Inhibition of RhoA/Rho-kinase may be beneficial in hypertensive disorders characterized by elevated levels of IL-17. responses to ACh were measured in endothelium-intact aortas isolated from vehicle-treated and IL-17-treated mice in the absence and presence of the NOS inhibitor L-NAME or the superoxide scavenger PEG-SOD. (B) Endothelium-independent relaxation responses to SNP were measured in endothelium-intact aortas isolated from vehicle-treated and IL-17-treated mice. (C) eNOS Thr495 phosphorylation was measured in endothelium-intact aortas isolated from vehicle-treated and IL-17-treated mice by western blot following a pull-down with anti-eNOS. IgG was used as a loading control and for normalization as this corresponded directly to eNOS levels. (D) RhoA was measured in endothelium-intact aortas isolated from vehicle-treated and IL-17-treated mice by western blot. Representative western blot and densitometry quantification. Results are expressed as mean + SEM. *P , 0.05 vs. control. N ¼ 9 mice in each group.
